Activation cross-sections are presented for the first time for
Introduction
In a previous paper (Tárkányi et al., 2013) we reported cumulative cross-sections for the formation of medically used 161 T b radioisotope in the bombardment of nat Gd with deuterons up to 50 MeV. In the frame of our ongoing systematic study of deuteron induced reactions for different applications, cross-sections of other radionuclides were also determined during that experiment. Terbium offers four clinically interesting radioisotopes with complementary physical decay characteristics:
149 T b, 152 T b, 155 T b, and 161 T b (Müller et al., 2012) . 153 Gd also has extensive use in nuclear medicine. Comparing the results of theoretical model codes with the experimental results, it turned out that the description of the (d,p) reaction is still problematic for the theory. While the importance of the deuteron induced reaction is rising, the corresponding experimental database is poor compared to that of protons. Taking into account that no earlier data were reported on activation cross-sections of deuteron induced reactions * Corresponding author: ditroi@atomki.hu on Gd, we thought these results have or will have value for applications and for development of nuclear reaction codes. In this paper these excitation functions are presented.
Experiment and data evaluation
Details of the experimental, as well as the data-analysis procedures, are described in our above mentioned previous work (Tárkányi et al., 2013) . For the sake of completeness, the main experimental parameters and methods used for the two performed experiments on Gd are given here (Table 1) (Tárkányi et al., 2001) , while the main parameters and data evaluation methods are collected in Table 2 ( (Andersen and Ziegler, 1977; Bonardi, 1987; Canberra, 2000; International-Bureau-of-Weightsand-Measures, 1993; Kinsey et al., 1997; Pritychenko and Sonzogni, 2003; Székely, 1985; Tárkányi et al., 1991) . The used nuclear data of the produced radioisotopes are presented in Table 3 (NuDat, 2011; Pritychenko and Sonzogni, 2003) . The figure of the re-measured excitation function of the 27 Al(d,x) 24 Na reaction for the high energy irradiation in comparison with the IAEA recommended data (Tárkányi et al., 2001) can be found in our earlier publication on Sc, irradiated in the same experiment (Hermanne et al., 2012) . The figure of the re-measured excitation function of the nat T i(d,x) 48 V is not presented here, but the shape and accuracy was the same as published before (Tárkányi et al., 2007) .
Model calculations
For theoretical estimation of the excitation functions involved in this experiment the updated ALICE-IPPE-D (Dityuk et al., 1998) and EMPIRE-D (Herman et al., 2007) codes were used. In the modified versions of the codes a simulation of direct (d,p) and (d,t) transitions by the general relations for a nucleon transfer probability in the continuum is included through an energy dependent enhancement factor for the corresponding transitions based on systematics of experimental data (Ignatyuk, 2011) . Since ALICE-IPPE cannot provide direct cross-section results for excited isomeric states, the crosssection for any isomeric state was obtained by applying the isomeric ratios derived from the EMPIRE calculation to the total cross-sections calculated by ALICE-IPPE. The experimental cross-section data were also compared with the results of the modified TALYS code taken from the TENDL-2011 and TENDL-2012 data libraries .
Results and discussion

Cross-sections
The cross-sections for radionuclides produced in deuteron bombardment of nat Gd target are tabulated in Tables 4 and 5 . The experimental cross-section data are compared with the theory graphically in Figs 1-14. The cross-sections given for 160Tb and 161 T b are considered to be isotopic cross-sections as the radionuclides can be induced mainly on 160 Gd, as the contribution of (d,γ) reaction on 158 Gd is negligible. In all other cases so called "elemental cross-sections" were deduced on targets with natural isotopic composition. The values for 160 T b,
153 T b and in practice also for 156 T b and 156 Eu represent production cross-sections via direct nuclear reactions only. In the cases, where significantly shorter-lived precursors (isomeric states (m+) and/or parent isotopes (cum)) are also produced, the cross-sections for the ground state were derived from activity measurements performed after the nearly complete decay of the precursor. These cross-sections are hence the sum for the direct production and formation via the decay of the precursors. The values for 156 T b, 152 T b and 151 T b contain contribution from the short-lived isomeric states (m+). Cross-sections are cumulative (cum), with contribution of the decay of parent radionuclides, in case of 161 T b, 159 Gd, 153 Gd and 151 Gd. For the sake of completeness we include the results for the earlier published investigations for production of 161 T b and 160 T b both in graphical and in numerical form (Tárkányi et al., 2013) .
4.1.1. Activation cross-sections for production of 161 T b (cum) (T 1/2 = 6.89 d) We are reproducing the earlier published experimental results (Fig. 1) for production of 161 T b(cum) (direct, through 160 Gd(d,n) and decay of 161 Gd produced by 160 Gd(d,p) 161 Gd) to illustrate the agreement of the theoretical and experimental data for further discussion. The agreement is acceptable for ALICE-D and EMPIRE-D. The TALYS results are still too low, although the 2012 values are 10% higher than 2011 values. More detailed discussion on the contributing reactions and on the application of 161 T b can be found in the previous work (Tárkányi et al., 2013) .
Activation cross-sections for production of
160 T b (T 1/2 = 72.3 d) The 160 T b is produced directly through the 160 Gd(d,2n) reaction. Fig. 2 illustrates the prediction capability of the theoretical codes including our ALICE-D and EMPIRE-D results. There are significant differences between the not adjusted theoretical results. There is no difference between TENDL-2011 and TENDL-2012. More detailed discussion was reported in (Tárkányi et al., 2013) . 4.1.3. Activation cross-sections for production of 156 T b(tot) (T 1/2 =5.35 d) We have measured the production cross-section of the ground state of the 156 T b (Fig. 3) after the decay of the isomeric states ( 156m1 T b, IT: 100 %, T 1/2 = 3 h and 156m2 T b, IT: 100 %, T 1/2 = 24.4 h). All theoretical results follow the shape of the experimental excitation function. (Tárkányi et al., 1991) Decay data (see Table 3 ) NUDAT 2.6 (Kinsey et al., 1997) Reaction Q-values(see Table 3) Q-value calculator (Pritychenko and Sonzogni, 2003 (Bonardi, 1987) The EMPIRE-D results are significantly overestimating the experimental values (similar to the previous reaction). 4.1.6. Activation cross-sections for production of
The cross-section of the second (lower-lying) isomeric state (9.4 h, J π = 3 − , ε + + β + +78.2 %, IT 21.8 % to 154g T b (Ekstrm and Firestone, 1999) ) is shown in Fig. 6 . It should be noted that there are new data for the half-life (9.994 h (Rastrepina, 2009 ), but it is not validated, therefore we used T 1/2 = 9.4 h. The 154m1 T b is produced both There are no experimental data for the low-lying levels around the isomeric states. As such, the scheme used in calculations is artificial and based on the systematics of levels of the neighboring nuclei.
By using the late spectra we can deduce cumulative cross-sections for production of the ground state after the complete decay of the 154m1 T b (Fig. 7) . The contribution of the decay of 154m2 T b to the production of the ground state is negligibly small compared to the direct production and to the contribution from the first isomeric state. The experimental data are systematically higher than the results of the EMPIRE-D. No data exist in the TENDL libraries for the isomeric states, only for the total production. 4.1.9. Activation cross-sections for production of 152 T b (m+)( T 1/2 =17.5 h) The excitation function was measured after the decay of the short-lived isomeric state (4.2 min, IT: 78.8 %). The agreement with the TENDL library results (Fig. 9) is good, while ALICE-D and EMPIRE-D strongly overestimate again above 40 MeV.
The measured excitation function contains the contribution from the decay of the short-lived isomeric state (25 s, IT: 93.4 %). Above 35 MeV all theoretical predictions overestimate the experimental values (Fig. 10) .
4.1.11. Activation cross-sections for production of 159 Gd (T 1/2 =18.479 h) There are two maxima in the measured excitation function of nat Gd(d,x) 159 Gd (Fig. 11) 4.1.12. Activation cross-sections for production of
The measured excitation function of 153 Gd (240.4 d) (Fig. 12 ) was deduced from spectra measured nearly 10 days after EOB, i.e. after five half-lives of the parent 153 T b (2.34 d). In these measuring conditions only around 3% from the decay of 153 T b was missing. The missing part was corrected on the basis of the measured crosssection of 153 T b. The three codes result in acceptable predictions.
4.1.13. Activation cross-sections for production of 151 Gd (T 1/2 =123.9 d) The cumulative cross-sections include the complete decay of 151 T b (17.609 h) (Fig. 13) . The results of the model calculations generally run together in the investigated en- 4.1.14. Activation cross-sections for production of 156 Eu (T 1/2 =15.19 d) In the investigated energy range 156 Eu is produced mostly via (d,αxn) reactions. The contribution from the parent 156Sm (9.4 h, β − ) is small due to the low crosssections expected for the (d,3pxn) reactions (Fig. 14) .
Integral yields
From fits to our experimental excitation functions thick target physical yields (instantaneous short irradiation) were calculated. The integral yields are shown in Fig.  15 -16 in comparison with the directly measured data (Dmitriev et al., 1982 (Dmitriev et al., , 1989 . The agreement with the existing experimental values for 155 T b and 156 T b is acceptable (Fig. 15) . , for determination of the bone mineral content (Smith et al., 1983) , for labeling gadolinium-based contrast agent (Wadas et al., 2010) as well as for localizing sentinel lymph nodes (Liu et al., 2013) . The long-lived radionuclide 153 Gd can be produced via various nuclear reactions. Taking into account the long half-life, the traditional way is using parallel production by neutron induced reactions at research reactors. A few neutron induced production routes were previously investigated and reported in the literature:
• 152 Gd(n,γ) on highly enriched 152 Gd (Case et al., 1969) • 156 Dy(n,α) 153 Gd reaction (?)
The first two methods result in carrier added product, but by using high flux reactors and long irradiations the specific activity can be rather high. The (n,α) reaction (Q = 8.006 MeV) results in no-carrier added product, but the yield is also low. There are various production routes using charged particle accelerators for production of no carrier added 153 Gd: Eu(d, 2n) 153 Gd nuclear reactions experimental excitation functions are available (West et al., 1993) . For other reactions the TALYS data from the TENDL-2012 library are presented. For comparison, the predictive force of the TENDL data is satisfactory (see also Fig. 12 ), taking into account the resulted large differences in the production yields of the different production routes. The 153 Eu(p,n) and 153 Eu(d,2n) reactions result in direct production. After irradiation the Gd can be separated from the target. In the case of 154 Gd(p,2n)
Gd and 151 Eu( 3 He,n) 153 T b −→ 153 Gd routes the production is indirect, the produced 153 T b must be separated at the end of the irradiation from the Gd or Eu target to assure no carrier added final product. The excitation functions are shown on Fig. 17 . In all cases, from the point of view of radionuclidic purity, the production of the 151 Gd Table 6 ). The comparison of the productivity for different charged particle induced reaction shows that in the case of direct production the deuterons are more favorable (a factor of 3, see Table 6 ). The energy windows were chosen in such a way that the production and target preparation is optimal, based on the cross-sections, thresholds of the disturbing reactions and also on experimental experiences. In the case of indirect production however, the protons are slightly more favorable. The yield of the alpha-particle induced reaction is significantly less than that of the deuteron induced reactions. The yield of the 3 He route is negligible ( max=1.5 mb, Y = 104 MBq/C). The indirect proton and deuteron yields are comparable, the proton irradiation yields 20% more 153 Gd, and it must also be mentioned that less accelerators can provide 30 MeV deuteron energy. There are many other factors determining the final competitivity of the different production routes:
• Taking into account the long half-life of 153 Gd, long irradiations are necessary to produce reasonable activities, which is straightforward in the case of direct reactions. Using the indirect route the half-life of the 153 T b limits the length of a single irradiation. More- There are other important factors, when one compares with the production routes at research reactors.
• The long half-life requires long irradiations. The most economical way of it is simultaneous parasitic irradiation (dividing the beam), which in case of low and medium energy cyclotrons is not a simple task (cooling problems, target construction, etc.), but in the case of reactors it is an everyday practice
• The cross-sections of the (n,γ) reactions are significantly higher compared to the charged particle induced reactions
• In case of neutrons large mass targets can be used, without beam stopping and cooling problems By summarizing the above mentioned factors, it can be concluded that it is very difficult to compete with the reactor production. The charged particle routes can only be used for production of small amounts for research purposes.
Summary and conclusions
This work was performed in the frame of the systematic study of activation cross-sections for applications and for development of the nuclear reaction model codes. In this study experimental cross-sections for the nat Gd(d,xn) 161, 160,156(m+),154,154m1,154m2,153,152(m+) ,151(m+) T b, nat Gd(d,xn) 159,153,151 Gd and nat Gd(d,x) 156 Eu nuclear reactions were measured up to 50 MeV. Comparison of the experimental and theoretical results calculated by the ALICE-D EMPIRE-D and TALYS codes shows that still significant disagreements between the theoretical predictions and the existing experimental data. The empirical improvement of the deuteron breakup description, which was a serious problem by the original EMPIRE and ALICE codes by describing deuteron induced reactions, has improved the predictions in the EMPIRE-D and ALICE-D codes. Among the studied reaction products 161 T b and 153 Gd are of importance for nuclear medicine. In order to prepare a carrier free 161 T b end product the Tárkányi et al., 2013) . According to our comparison of production routes of carrier free 153 Gd (this work) the deuteron induced reactions on Eu and Gd are competitive with proton induced reactions in special cases concerning to yields, but because of the availability of the required deuteron energy and intensity, the proton induced reaction is more favorable.
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